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PREFACE 


The stimulus to interest in the life and characteristic variation 
asp-cts of the vacuum tube fall into three seneral catezories: 
a. Tubes for use in inaccessible situations. 
b. Tubes for use in equipments employing large numbers of 
interdependent tubes. 
Geeeuubes Tavine Eiger order of operating stability for 
use in D.C. amplifiers. 
The following three examples serve to illustrate some of the problems 
at hand and in one case an unexpected solution. (1) Durin* the war 
years it became the fashion in Ensland for different manufacturers 
to make tube types to common performance er eee Tests of 
a popular type of h.f. pentode from three separate manufacturing sources 
showed extraordinarily wide variavions in life span. 
Tube type: High transconductance, h.f. pentode with indirectly- 
heated oxide cathode. 
Batch size: 12 tubes. 
Life span: Source A 1,000 hours (all tubes) 
Source B 1,000-10,000 hours (all tubes) 
Source C 0,000 hours (all tubes) 
The life spans of tatches of a tube type made at differert times by 
one manufacturer were compared: the first batch had a lite in excess 


of 20,000 hours, while the second one, rade two years later, hac a life 


* Superscripts refer to the bibliozraephy. 
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of less than 3,000 hours. (2) ENIAC, a hivh-speed electronic com- 
puting machine, has 18,000 operatin, tubes. Ninety percent of the 
service interruptions were caused by vacuum tube failures. The life 
of the tubes used in the ON condition as compared with the same type 
used in the OFF condition was better by a facter of 50% or more when 
only the loweemission type failures are considered. Tube lives 
terminated by low-emission failure averaged more than twice as long 
as those terminated by failure due to poor cutoff, short-circuited 
elements and burned-out filaments combined. (3) Considerine the 
UNIVAC tube prozram, it is seen that reverse cridecurrent problems 
were eliminated in the tube type 28D7 bv reducing the heater voltaze 
from the rated 28v to approximately ‘ag This reduction had no 
adverse effects in emission or other tube characteristics, since 
the tube was still space charge limited at 25v, while the cathode 
and ervelope temperatures were lower, providing all around improve- 
ment in tube life. 

Part of the present erect in these aspects of vacuum tubes 
is exemplified ob two recent papers. One, "Electron-Tube Life and 
Reliability", oby Marcus A. ea, cives a statistical analysis 
on tube life. The other, Investigation of Electron Tube Reliability 
in Military Applications, by Aeronautical Radio, Inc., is a report 
of a survey of failure reports from the military . This report 
divides tube failures into two zeneral groups: (1) deterioration 
failures, due to sradual degradation of characteristics, and 
(2) catestropnic failures, or sudden major chances in the physical 
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structure of the tubes. An analvsis of tube returns from the military 


were broken down as follows: 


Electrical 28.7% » 
Mechanical 21.0% 
Miscellaneous 18.5% 


No defect found 31.8% 
It is stated that operating procedures responsible for reduced tube 
life are: (1) the op-ration of chassis in standby condition with 
only the heater on, thus inducing interface formation, and (2) 
mistuninz and poor operation of transmittine tubes and masnetrons,. 

The results of a survey of modern literature and of a laboratory 
investigation of the effects of lowering cathode temperature on tube 
life and characteristics are prese-ted in this vaper. The laboratory 
work was accomplished at Hewlett-Packard Compeny, Palo Alto, Cali- 
fornia. 

Acknowledgment and thanks are made to Professor Abraham Sheingold 
of the United States Naval Postsraduate School for his personal 
assistance, interest and coop: ration in preparing this paper, and 
to Doctor RB. M. Cliver, Director of Research, Hewlett-Packard Company 


for his sugzestions concerning the Laboratory work. 
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CHAPTER I 


INTRODUCTION 


The objectives of this paper can be divided into two main 
divisions. 
(1) An analysis of the effects on vacuum tubes of cathode 
tempera ure chances, with particvlar attention to: 
(a) tube life, 
(b) tube characteristics variation, and 
(c) tube characteristics stability with time. 
(2) The development of a truly short time method of oredicting 
relaiive tute life. 
It is proposed tha: operation al lower cathode temperatures 
will have little effect on the characteristics. The fact that inter- 
face, a low conductive surface between the core and the coatin, of 
the cathode, will grow much slower at lower temperatures, even though 
its effect will te greater, should mean that the characteristics 
will be more stable with time. Consequently, failure because of 
reduced transconductance will be postponed until a later time. Lower 
temperature at the cathode will mean lower envelope and heater tempor- 
atures with a reduction of filament burn-out and gassy tubes. It 
will mean an increase in susceptibility to poisonin:, but this being 
an early life phenomena, it should be discovered quickly ard thus 
have little bearinz on errors in choosinz long-life tubes. Cathode 


§ 
coating evaporation should also be decreased wit’ lower temocrature 


as snould tute noise. 

A rapid determination of cathode temp:rature should enable 
one to predict a r-la‘ive life exp-ctancy on this basis alone; this 
being based on the information that absolute cathode temperature 
is, to date, not a desieon factor. f+ the present time the desien 
of tibes is based on heater watts per sauare centimeter of cathode 
area. In the practical case this figure may vary from 1.8 to h.2 
watts per square certineter, the exact value bein determined by the 
intended use of the tube. A short term test, less than 1000 hours, 
whereby samples from each lot of tubes are induced to .:row interface 
should sive a relative indication of their susceptability to this 
growth and thus an indication of expected life from this point of 
view. Measurinz the emission capabilities before and after this 
test should give an indication of the degree of activation and de- 
gassin: of the tube and tnus enable a prediction of life expectancy 
on the basis of emission. It is not proposed tnat the above tests 
will facilitate en absolute prediction of life expecta..cy, but that 
they will provide a basis of chosin™ tubes for use in critical 
circuits and locations, a situation which is not now existant. 

The following section will sive a resume’ of =xisting infor- 
macion on the activation, emission and conduction of an oxide-coated 
cathode. fmphesis will be placed on particular everts upon which 
tube life and charactcristics are depe’ dent. The complete physics 
and chemistry of the above processes will not be presented, but most 


1’ 


available information of this nature is included in the references 





The complete process of emission is a complicated superpocition of 
distinct effects which are complex in themselves, difficult to 
seperate, and possible lo stuly -ffectively only in isolation. Its 
study involves physics, cremistrv, semi-conductor theory, electrolysis 
and thermodynamics. As will be indicated, there is still discussion 
as to some of the characteristics of emission. 

rollowinz the above section a discussion of the factors affecting 
tube life is presented, after which are given the results of several 
investigations on the variations of tube characteristics with cnan-~es 
of cathode temperature. 

A laboratory investigation of the effects of varying cathode 
temperature was carried on in conjunction with the above survey of 
existinz literature. Methods of testing are given in the section 
on testing procedurese Followinz, a detailed description of the 
laboratory procedure is siven alonz with the results and a discussion 


@earecne results. 





CHAPTER ITI 


HISTORICAL RESUME OF OXIDE CATHODE PROCESSES 


1. Emission and Conduction 

Basically the conventional model of the oxide cathode usvally 
used is one in which the oxide is regarded as a "reduction" semi- 
conductor of the n=type carrying an excess of the electro-positive 
elements, donors. The excess elemerts are barium and strontium 
metals which are bound in the disturbed lattice of barium-strontium 
oxide in such a way that they are not subject to free evaporation 
at normal runnins temperature (approximately 1000°K). The vresence 
of donors serve to increase tie conductivity and to decrease the 
work function of tne coating so that electron emission is practicable 
at reasonable temperatures. The oxide cathode was invented in 1903 

66, 67, 68 

by A. Wehnelt « At that time ard until the last decade 
failure of vacuum tubes was mainly by filament burn-out and as a 
result little interest was taken in the orocess of emission. With 
the production of high vacuums, the problem of filament burn-out 
lessoned and a major cause of failure became related to the process 
of emission. 

The process of emission consists of the production of donors 
along with free electrons, mainly at the core surface, the migration 
of the donors through the coating due to tonic conduction with the 


resulting reduction of internal work function, and the flow of free 


electrons throuch ‘the coating to be emitted. It is to be noted 
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that whereas the internal work function decreases, the external 
work function remains ent. 

According to the Loosjes-Vink theory there may be three 
mechanisms of electron conduction in the oxide-coating: (a) con- 
duction by an electron zas in the pores or conduction through the 
grains li:ited by contact potential barriers between grains, (b) 
pure conduction through the grains, and (c) surface conduction through 
Surface barium a = All of these are connected in parallel 
in the most general case, and the monoatomic surface layer of barium 
serves to reduce the work function. It has been found experimentally 
that, independently of the stage of activation, the logo vs 1/T 
curves can be divided into three parts (& being the conductivity 
of the oxide coating): in Part I, up to 800°K, the temperature 
dependency is rather low, and in Part II (800 - 1000°K) it is much 
hisher, while at still hicher temperatures (> 1000°K, Part IIT) 
it drops a The temperature range in which the Current- 
Voltage characteristics have been measured can be divided into the 
same three parts: up to 800°K they are linear, from 800 - 1000°K 
they are curved towards the V-axis and above 1000°K they are again 
linear. In explaining these facts, one has to do essentially with 
two of the above conduction mechanisms. Considering the electron 
conduction through the particles of the oxide coating, the conductivity 
corresponding to this mechanism will te low, though the real con- 


ductivity in the BaO-Sr0O grains may be high, because the surfaces 


where the crystalline particles touch one another are very small. 





This mechanism applies to Part I of the temperature region; here 
the activation ener-y varies from 0.6-0.9 eV with increasing cathode 
activation. 

The other mechanism is the conduction through the electron gas 
present between the emitting grains of the porous oxide coating. 
If the density of the electron gas is great enough (T 7? 800°K) then 
the pores between the grains become conducting, so that, parallel 
to the mechanism of Part I, another mechanism of conduction is then 
started, the properties of which will depend entirely upon the 
prop2rties of conduction in an electron gas present in the pores. 
The activation cnercy of this second conduction mechanism (for 
T< 1000°k) is substantially the same as the energy corresponding 
to the work function of the coatings at all desrees of activation 

222013255355 ,00,7 2 

(2.2-0.8eV) ‘ 

Figure 1 ives the physical configuration of ions and atoms at 
the surface of the cathode. 

The chemical process of free barium production from the oxide 
is ziven as 

Si + 2BaO-» SiO. + 2Ba. 
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The: typical core metal is nickle plus 0.05% maznesium and 0.05% 
LO 
Syticon . 


The free barium=strontium laver on the surface of the coating 
is constantly beinz depleted at a rate proportional to the cathode 
LO, (0 


temperature by evaporation and b- chemical recombination oe 8G 


must continually te reformed to provide a low work function which, 











in turn, allows ready liberation of free electrons. Barium evaporates 

from this monolayer more readily than strontium at operating temper- 

atures and it deposits upon the grid wires to cause grid emission. 

The evaporation energy or temperature of strontium on strontiun- 

oxide is lower than that for barium on barium-oxide. However for 

the bariumestrontium layer in bariun-oxide-=strontium-oxide mixed | 

crystals, the barium apparently boils off more easily. | 
The enercsy of the electron beam is believed capable of de- 

composing films on positive electrodes. These are fundamentally 

barium-oxide compounds evolved during coating decomposition and 

activation, When the BeoMnee et ive ions are liberated by the electron 

beam energy they react easily to form compounds with the layer of 


+t 
Ba -—or reducing the activity of the cathode surface layer. 


Experimentally Ner-:aard has concluded that: 

(1) Current flow decreases the conductivity of the oxide 
at the positive boundaries. 

(2) The increase in conductivity between the base metal and 
a cathode probe with mereaaiqe current shows that what- 
ever decreases the conductivity at a positive boundary 
increases the conductivity at a negative boundary. Thus 
a reasonable inference is that donors are transported 
electrolytically from the positive boundaries toward the 
negative boundaries. 

(3) Changes of conductivity vs time indicate an ionic 


phenomena. 





Because of the instarility of barium and strontium oxide under 
atmospheric conditions the carbonate of the above is coated on the 
base metal of the cathode and then reduced by heat in a vacuum to 
the oxide. In order to facilitate the production of excess barium 
and strontium a relatively inactive metal, polluted hy an added 
reducing agent which acts as a catalyst, is used as the core of 
the cathode. It is found that in an active cathode a fraction of 
the order of 0.5% of the oxide molecules has been reduced to free 
barium, strontium. This core metal as mentioned above is usually 
nickle and the reducing azents are magnesium and silicon. 

with the base metal coated with the carbonate and heat applied 
in a vacuum, the rate of activation of the cathode is accelerated 
if an electron current is drawn from it. This suggests that an 
electrolytic current passes through the oxide and liberates free 
barium and strontium . Harris has detected barium and strontium 
which actually penetrated the core of an oxide cathode from which 
a heavy current has been drawn. When the cathode was merely glowed 
without drawing current, no barium or strontium was found in the 
core. If, on the other hand, the direction of the current through 
the oxide is reversed by supplying electrons to the cathode from an 
external source electrolysis should result in deposition of a layer 
of free barium on the surface of the oxide. Essentially the same 
changes in activity should te observed as when barium is deposited 


from an external source. Becher and Sears have shown that this is 








y 
the case . They were further successful in showing tnat the rate 


of appearance of barium at the surface is proportional to the quantity 
of charge sent through the oxide. Becher concluded that about 0.)% 

of the current at 800°K is carried by barium ions in the oxide. The 
above process of barium formation is fundamental to the continued 
Operation of the cathode. It is purposely accelerated during the 
initial activation, but it also continues throughout the life of 

the cathode. The operation under very reduced cathode current re- 
stricts tne activation and causes loss of emission. This has been 
known as "sleeping sickness", and is a major problem in OFF-~ON 
computer work. The following table shows the results of increasing 


62 
the current on available saturation current , 


Operating 1075°K 900°K 
Temperature ee 
Emission Ronayne | 10ma/em* 1 Sma/em@ 
Density A B 

ma ma ma ma ma 
Ig at O hr. Dae igi 1A ee) OO ee 35 
Ig at 300 hr. 0.88 Gao? 1.36 HO ( 2.31 


Note: Nickle sleeves with A having 0.2% Fe 
B having 0.4% Fe 


Data taken shows that an increase in current density by a factor of 
more than twenty has no detrimental effect on the cathodes exanined. 
The following is a summary of the processes, less electron 

conduction, which occur in the ae (reference Figure 2). 
A. Processes occurring at the boundaries of the oxide coating: 


(1) Processes at the oxide-coating-vacuum boundary 


where a distinction must be made between, 
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B. 


(a) evaporation of excess Ba-atoms from the surface; 

(b) emission of ions from the surface; 

(c) chemical reactions at the surface occurring be- 
tween the excess barium and residual cases 
(poisoning of the cathode) 

(2) Processes at the oxide-coating-core-metal boundary; 
chiefly chemical reactions with barium oxide. 
Processes occurring in the interior of the oxide coating 
by which the number of vacancies and excess barium atoms 
in the coating is altered, namely: 

(1) Ionic Conduction, and 


(2) Diffusion. 


ile 





2. Interface _ 

In the examination of the catnode of a spent tube, inspection 
may reveal that all the oxide has disappeared, but frequently the 
cathode will be found to present much the same appearance as it did 
at the beginninz of its life. An investigation of the characteristics 
of the tube may indicate a reduced value of transconductance, and 
a poor current response to an applied microsecond grid pulse (an 
exponential decay with a time constant in the order of a microsecond 
of plate current from an initial value to a lower quiescent value). 
These effects have been historically attributed to a low conductive 
surface between the core and the coatine called interface and/or a 
physical separation between parts of the coating and the cone 

Interface has been identified with carium Ms sicate’ . 

Its chemical creation is as follows; 
ims 


Si + 4Bad ~? Ba, Si), + 2Ba 


Ses 2BaO ae TS a 


It forms as a hard compact layer of a few microns thickness between 
the core and the matrix. Its behaviour is that of a semi-conductor 
and the equations above indicate the probability of barium being 
the activator. 

The physical thickness of the layer once established does not 
increase to any great extent with =. This has been disputed 


ay 
by Eisenstein . The rise of resistance is ascribed to an increase 


in the specific resistivity of the layer rather than to its physical 


aS 





growth; in short, the resistance srowth is revarded as a deactivation 
phenomena of a semi-conductor. 


Because of the extreme thinness of the interface layer ion cn 


18) 


with lattice constants a=5.7, bx10.0 and c=7.5 angstrums, Eisenstein 
a considerable capacitance exists as a shunt across the resistance, 
and the effect of the interface layer on tube performance is anolovgous 
with that of a bias resistor and a shunt capacitor inserted in the 
cathode lead. The values of these components are suspected of varying 
with some function of frequency, the exact nature not being known 
at this ia The values of the resistance will vary from tenths 
of ohms to thousands of ohms per square centimeter of cathode at 
The capacitance will vary between 5000-20,000 uuf, thus ziving a time 
covstant of the order of one (re It has been suzcsested 
that the single R-C network is too simple and that actually it should 
consist of a series of parallel R-C ae 

At first sicht it would anpear that interface resistance is of 
no consequence in hivh-frequency applications. This is only true 
provided the cathode current is maintained constant, since the growth 
of resistance will normally cause a reduction in the operating cathode 
current and hence a fall in transconductance. The appreciable negative 
temperature coefficient associated with the interface degrades the 
transconductance/heater analy characteristic and may cause trouble 
in stable amplifier ie. 


The rate of interface resistance srowth is inversely proportional 


to the cathode area and varies exponentially with the absolute 


Lh 





temperature. The value of interface resistance varies exponentially 
with the reciprocal of the absolute ies tie (Fizures 3 and 1). 
The resistance increases with life, as indicated, while the capaci- 
tance aaa thus there is little major chanze in the time 
red 

Many studies of the rate of interface crowth as a function of 
core impurities have been made _ Child has reported that a batch 
of cores with only 0.005% Si (0.05% Si normal) show that the rate 
of growth was on the average only 1/7th that of ome 

It has been experienced that the interface can be partially 
reactivated with electron and ion flow. As tne cathode is axed, 
the layer of barium orthosilicate thickens to the point where reaction 
between the silicon of the core and the barium oxide of the coating 
becomes negligible . The behavior of the concentration of donor 
centers in the layer during the aging will depend on whether an 
electric field is present, because the donor centers behave on the 
average as positive charges. 

If na electron emission is drawn from the cathode, there is 
no electric field in the interface resion, and the donor centers 
can migrate out of the layers of interface compound by thermal 
diffusion. The concentration of donor centers in the layer is reduced 
to the extent that it is insufficient to maintain a neclizitle re- 


Sistance; the cathode has then developed an interface resista: ce. 


If the cathode is aved under conditions of cathode current flow, 
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an electric field directed from the oxide to the core exists in the 
interface region. Field-induced migration of donor centers into the 
layer of interface compound and thermal diffusion of donor centers 
out of the layer of interface compound are then in competition and 
tre equilibrium concentration of donor centers in the barium ortho- 
Silicate layer is greater than it would be if thermal diffusion were 
the only miztration process. If the field is strong enough, the 
equilibrium concentration of donor centers is sufficient to maintain 
the conductivity of the interface compounds; the cathode does not 
develop an interface resistance. This equilibrium concentration 

of donor centers and consequently the conductivity will vary as does 
the field and cathode current and thus the interface compound can 

be partially reactivated. Fizure 5 shows the effect of plate current 
flow on the growth of interface resistance. Eisenstein attributes 
this reectivation solely to the thermal effect of cathode current 
rather than to the combination of thermal and electric field, the 


20 
production of donors being proportional to temperature ., 


33 


The observance of interface effects have been made by Matheson , 
20 41 We 
Eisenstein and Mutter , to name but a few. Deb has attributed 


the pulse decay pnenomena partially to oxide poisoninz, but this is 


71 
probably only a minor effect. Wri-sht has attacked analytically 


23 


the problem of an analo~ network. Herrmann has attributed the 
observed rectification offect to the interface in accordance with 
Ss 


its variation of conductivity with ion migretion direction. Nergaard 


has surveyed the different procedures for measuring interface 


18 
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resistance. Along with the above he concluded, from life-test data 

on tube types 6SN7-GT and 6SL7=GT operating in time-division-multiplex 
terminal equipment, that (a) the interface resistances increase 
rapidly with time during the first 8000 hours and then show a tendency 
to saturate and (b) the "final" resistances are about in vroportion 

to the original silicon contents of the core metal, 

-—, sought to attribute interface to actual physical 
separations between cathode core and coating. ‘thile this theory has 
not been received with much attention, it is presented with apparent 
factual backing. It is further discussed by Raudorf and siweneidie ae 

oi Ree has related the fall in transconductance with inter- 
face resistance (Figure 6). Similarly isa” has shown that 
where the interface resistance prows rapidly, on the basis of trans- 
conductance decay, the tube life is apt to be short, and, where the 
interface resistarce grows slowly, the tube life is apt to be long. 
In his tests the values of interface in all tubes tested reached a 
common value of a”proximately }0 ohms per square centimeter and did 


not increase thereafter. 
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3. Poisoning 

Chemical processes on or in the oxide coatin’, producing an 
increase in work function and a decrease in emission, are celled 
poisoning processes. Poisoning at the boundary with the vacuum is 
produced by residual gases which either remain in the tute when it 
is sealed off, or which are given off during operation from components 
of the tube which wer> insufficiently degassed or cleaned. Such a 
residual gas will poison the catnode if it attacks chemically either 
the excess harium or the alkaline earth oxide of the coa*tinz and 
changes these into some other chemical compound. The poisoning 
phenomena will depend on the composition of the recidual Foss von 
its pressure, on the temperature of the cathode and on the vol‘ases 

23 

applied to the tube . The products of surface poisoning have been 


36 
BasoO, a: ‘ 
2? >? i and on 
The most important of the poisonin: gases is oxygen, and for 


5h 


the oxygen ions three main sources exist . 


identified as mainly Ba0, SrO, BeCl,, Srcl 


(1) The surface layer of oxygen, from wnich negative 
ions are normally formed by positive bombardment. 
These ions are characterized by tne possession 
of excess energies. 

(2) The interior of the coatinz. Ions are formed 
in this resion during recovery periods from 
oxygen which has diffused into the coatin; durinz 
poisonins. 


(3) Tne space in front of the cathode, which supplies 
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an appreciable proportion of the ion beam only in the 
initial stages of recovery. 
These oxycten ions may decrease the excess barium in the coating 
simply by occupying vacant oxyven sites in the crystal lattice. 
At moderately nivh oxygen pressures or low cathode terperatures this 
poisoning is irreversible. The orizinal emission can be recovered 
only by reactivating the cathode at a hisher temperature. At low 
oxygen pressures and normal cathode temperatures the poisoning is 
ee The reverse process of poisonins is the emission of 
oxygen ions from the cathode and this may be assisted by a favorable 
potential gradient produced by the passage of a cathode | 
Current flow appears to effect only the rate of recovery, but the 
cathode will be more resistant to poisoning at higher current 
densities. 
The followings are the results of a poisoning study reported by 
2 
Shephard ,. 
(1) Poisoning phenomenum was completely reversible. 
(2) Emission of ionized oxyzen from the cathode increased 
immediately after recovery commenced. 
(3) Hizher activation-rates existed in the presence of 
larzer potential gradients in the cathode coating, 
(4) (a) Increased sensitivity to poisoning at low temper-~ 
atures was observed; 
(b) Considerably hicher rates of oxygen evolution re- 


sulted during recovery at hisher temperatures. 
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(5) Reduction of emission resulted tv either (a) the formation 
of surface oxyzen films or the emitting oxyen crystals, 
or (b) the occupation of vacant oxygen sites (especially 
near-surface sited) in the oxide crystal lattice. 

It is to be noted that evidence in support of the Loosj es-Vink 
theory of eae ron is most readily obtained by experimenting with 
oxy gen a The procedure of injecting oxyzen ions into an 
oxide at various oxide temperatures and noting the change of con- 
ductivity was generally followed. “here the conduction was mainly 
from crystal to crystal, the oxygen had little effect, but where it 
was through the intercrystal spacin., the oxyzen had much effect. 

The release of oxysen durin: activation can result in heavy 
contamination of the a Subsequent release of this oxyzen under 
electron bombardment may lead to a sudden increase in sas pressure 


f earn aim He. This 


in the tube to 107°-107 ma He from a normal of 10° 
being far above the equilibrium value for oxyren in the cathode, 
rapid deposition on the cathode becomes possible. A reduction of 
electric field potential with a consequent decrease of electron 
energy results in a decrease in the poisoning of the cathode by this 
Means « 

Another major source of poisoning gas is the mica used in the 
tube. a ne has reported this effect and presents evidence that 
the poisoninz potential of mica varies with the source of supply for 


the Maca. 


The degree of poisoning effect on the reduction of emission is 


2h 





proportional to the residual gas pressure of the tube. As the tube 
is aged, the residual zas is absorbed by the tube elements and the 
gas pressure is reduced to values in the order of 10s" an Hg. The 
cathode, being of moderate surface area and operated at a high temper-— 
ature, is the element most receptive to the absorption of this gas. 
Consequently a measure of residual gas pressure in the tube is in- 
dicative of the degree of poisoning of the cathode. 

ae developed a method whereby a multi-electrode tube is 
capable of measuring its own residual gas pressure. The passage of 
electrons from cathode to anode res lts in the formation of positive 
ions whenever an Bieeer en makes a suitable encounter with a wander- 
ing molecule or atom of residual gas. Such positive ions mivrate 
to the negative controlezrid and cathode and set up a reverse crid- 
current. He has expressed the “as pressure indirectly in the form 
of a vacuum factor, "k", Wie: 

ker Jl, uva/ma 
ee ——- Reverse grid current in uua 
I. -- Anode current in ma 
A simple proportionality exists between the pressure "p" and the 
_ vacuum factor, namely 
k=cp 

A plot of "k" vs time shows a decrease from an initial value 


to a constant ao "Ke " (Fioure 7). The intezral of the area under 


this curve, [kat » the sas interral, is a measure of the ionized 
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gas which is driven into the cathode. A comparative study of two 
batches of a common tube showed that the shortelife batch (approx- 
{mately 3000 hours) had a large gas integral whereas the long-life 
batch (approximately 25,000 hours) had a small one. Investigation 
has shown that the factor is defined completely as a function of 
anode voltage, anode material and physical size of the positive~ion 
collector. It is interesting to note that under comparable operating 
conditions the value of "ko for different tube types was constant. 
Further discussion of the vacuum factor as to the conditions upon 
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wnich it is dependent is siven by Metson ° 
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lh. Evaporation 

At normal cathode temperatures, the oxide matrix is subject 
to thermal evaporation. The rate of evaporation decreases consid- 
erable in the order barium-oxide, strontium-oxide, calcium—oxide. 
It also decreases with time because the barium-oxide evaporates 
preferentially from the superficial parts of the coatin’ and is not 
sufficiertly replaced by diffusion from the interior. He -rmann 
found that the rate of evaporation of barium-oxide is independent 
of the type of basic core metal Wag and en points out 
that the reducing agents in the basic core metal are important to 
the rate of evaporation. 

The rate of evaporation of the oxides of barium, strontium and 

39 


calcium follow the usual exponential increase with temperature . 


The table below gives an indication of the rates involved. 


Temperature Evaporated Time for 
Quantity evavoration 
of 1 mg/cme 
Degrees K me/eom*/hour hours 
1100 8 x 107? 12,500 
1000 eo x 10~° 800,000 


If a coating wei-ht of 5 to 10 me/om@ and catnode temperature of 
1200°K are assumed, the time during wiich half of the coating would 
evaporate is found to be between 1000 and 2000 nours. At a temper- 
ature of 1000°K this fizure is 1,000,000 hours. Bulk loss by 
evaporation of barium and strontium may be more serious than the 


above. Experimental evidence has indicated that a barium-strontiun- 
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oxide matrix supported on a core carrying reducing agents may lose 
that weight which is chemically equivalent to the total weisht of 

By 
the effective reducinz azents in the core . Calculation shows that 


10-20% of the useful matrix micht be lost in this way with core 


nickels commonly used in industry. 


23 e 
The following rates of barium evaporation have been measured . 
1200°K 1,00°K . 
Gal 1) ug/cem*/nour 
70 | 


wooten has recently reported the following results . 

(1) The product evaporated from commercial type cathodes 
under normal conditions is largely Ba metal; less than 
5% is Sr; less than 2% is BaQ; and less than 0.01% is 
SrO (Figure 8) 

(2) Chemical reducinz agents in the support metal are import- 
ant in determining the rate of Ba evaporating during life. 

(3) Anode and grid composition affects the rate markedly. 
This is especially true ror the evolution of Ba during 
exnaust. 

(4) There is (a) no correlation between the rate of Ba 
evaporation and thermionic activity of individual cathodes, 
end (b) no effect of space current on the rate of Ra 


evaporation. 
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S. Sparking 

Stereoscopical X-ray shadow images of carbonate coatinzs has 
shown that they are not uniform, but consist of a loose conglome- 
ration of particles of an irregular shape with interspaces of differ- 
ent ca, The mechanical strength of such a coating is much smaller 
than that of a homogeneous meterial, and consequently if a high 
electric field is aprlied to the cathode, the electrostatic force 
may tear from the cathode particles which are then attracted by 
the electrode producing the field end wnich will hit this electrode 
with a high velocity. this may give rise to the formation of an 
are and to the destruction of the cathode. 

If the current drawn from the cathode is increased, the areas 
which emit the most end supply high current densities are heated up. 
The emission current from these areas will therefore rise and the 
differences in emission tetween high-emitting and the low~-emitting 
areas will become even more pronounced. If this process continues 
the temperature of the high-emitting areas will finally increase so 
much that considerable evavoration of the coating will take place 
from these areas with the evolution of appreciable quantities of gas. 
The ions produced during this process will then tend to annul the 
negative spece charge in front of the cathode, and the field strength 
there, whicn is negative under space-charge conditions, will become 
positive. Finally the particles of the coating will be removed by 
evaporation, by sputtering produced by the ions, and by electrostetic 
forces trving to tear the particles from the coatings. This phenomenum 


is called sparking. 
31 





rent density at which 
t pe MAN ER : 


_ 


ng starts is displaced to higher values, if the temperature 





of the cathode is raised or the activation imoroved. The svarking 






henomenum is always much stronger at low cathode temperatures, be- 


cause the differerces in emission between different areas of the 





cathode are larger at these temperatures. Furthermore, the cathode, 


when operated at sufficiently low temperature, emits a current which 


is nearly saturated, and a high positive field strength in front of 










the cathode will be obtained more easily than with hizh temperatures. 


A non-uniform interface will aggravate this sparking. 
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Noise, as described here, refers to the Johnson effect in the 
cathode coating and shot noise in the vacuum. A division of shot 
noise is called "flicker noise" and its only identifying charecter- 
istic is its upper frequency limitation of around 1OKC. The general 
theory of Johnson ee applies. Flicker effect is explained by 
a surface phenomenum. With reference to shot noise, Blewett, in 
quoting Szepesi, points out that a variety of effects contribute 
toward making it increase rapidly if the cathode is operated above 
or below the temperature range of 875-1050°K . 
Amakasu reported the following results as avplied to Johnson 
ie . 
(1) Excess noise generated by the flow of current is pro- 
portional to the square of the current flowing through 
the coating layers (Ba-Sr oxide coating). 
(2) The noise is greatly affected by the activation of the 
cathode, a slight decrease in activation causing a sudden 
increase of noise. 


Along the same line, Hannom has reported that flicker noise resist- 


2u 
ance due to the interfece effect varies as the cathode current squared . 


Hannom is supported in his theory of attributing flicker noise to 
8 30 
interface resistance by Berktay and Lindemann , the latter adding 
oF 


that a minimum noise was experienced with a 100ua current. Tomlinson 


and Blewett , however, have definite ideas attributing it to a sur- 


face effect. Their theory relates flicker noise directly to mobile 
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ald be proportional to cathode temperature. This variation 
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with temperature is substantiated by Herrmann who reports that flicker 
effect, due to fluctuations of the work function of the cathode (John- 
son) or fluctuations of the emission with ionic current accompanying 


the emission current (Macfarlane), would increase with increasing 





temperature. Thomlinson, however, has reported that flicker noise 


58 


should increase above and telow the 1000-1100°K ranze . 





As seen above, various kinds of results of noise study have been 


reported. It is believed that basically noise should zenerally de- 
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Crease with increasin~ degrees of activation and decreasing tempera- 
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TUBE LIFE STUDY 





With the development of modern electronic devices using hundreds 
of-interconnected vacuum tubes, the life of the individual tube takes 
on major importance. As previously noted several studies of this 
problem have been made. Below is given a brief summary of the effect 
of cathode temperature on tube life. 

As discussed here, tube life is taken as the time during which 
the cathode emission and the transconductance remain within a fixed 
percent of normal. The following causes of tube failures are con- 
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(1) Interface 

(2) Poisoning 

(3) Evaporation 
Factors affecting these causes are: 

(1) Cathode temperature 

(2) Electrode temperature 

(3) Bulb temperature 

(4) Gas pressure within the envelope 
These factors are affected by operating conditions such o 

(1) Heater voltage 

(2) Plate dissipation 

(3) Screen dissipation 

(4) Ambient temperature 

(S) Altitude 
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ye 


Control-grid impedance 





In particular, an analysis of the relation between life and cathode 
temperature is part of the objective of this paper. 

Appendix "A" cives the derivation of the relationship between 
the decay of apparent transconductance with interface formation, 
assuming that the single R-C network, stable with frequency, exists. 
This assumption will be valid to at least the first order. As shown 


61 
by Van Der Ziel , an apparent transconductance is eiven by 


gy = 6/1 F 8,2.) 
where g. is the orizinal cia ee and Oe is the inter- 
face impedance (also Child ). Eaglesfield suggests that the 
cause of the short lives mignt be a negative fcedheck due to a crowth 
of interface. 

Decreasing the cathode temperature will effect some of the above 
causes so as to increase life and some so as to decrease life. The 
rate of formation of interface increases with the exponential of 
absolute temperature whereas the oe increases with the 
reciprocal of temperature. oe, (Figures 3 and ) has ziven 
curves substantiating the above theories. From this information it 
is concluded that, considering interface effects, life will increase 
with decreasing temperature. 

It appears that poisoning of the cathode, and as a result loss 


of emission, will be proportional to some function of temperature. 


Poisoning is an effect which runs to completion during the early 
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tube history, however. Usinz Netson's method an accurate deter- 
mination of the gas integral characteristic can be made ina matter 
of a few hours and thus an evaluation of the effect of poisoning on 
life can be obtained. The proper interpretation of Metson's emission 
test as presented later may also give this information. 

Evaporation, as previously discussed, will be virtually elimi- 
nated by any decrease of temperature, 

The conclusions from the above facts are that the life of the 
tube will be benefically effected by reducing the cathode tempera- 
ture. This has been substantiated by investigations made by the 
Bell Telephone Laboratories, Murray Hill (Figures 9 and 10, curtesy 
of Mr. J. O. MeNally). Considerine Fizure 10, the plate current in 
each tube was aporoximately 8ma so that the current in one of the 
end positions of the string was 32 ma higher than that in the heater 
in the other end of the string. The results of life tests on several 
hundred tubes operated in the various positions are given in this 
figure and it shows the effect of hicher-than-advantageous filament 
current. The averaze filament current was aporoximately 500ma. 
been and a however, are of the opinion that the normal 
Operating ranges of vacuum tubes are ideally chosen. It should be 
noted that Wyman's conclusions are based on the characteristics of 
rectifier tubes and that Koch was writing for R.C.A. tube manufactur- 
ing division on the use of existing tubes. 

A side discussion of the variation of transmitting tube life 


with cathode temverature is <iven by Basnett . His discussion of the 


Sy 









6 emsty 


SHAOM NI LIT 
OOO POIs BGG? eu DCM he 


- 
a 1 — we ee = ° Pe ce 6 Se eee —~ a ee rem EG te tee — eee te ~geern- Oe 
' 





a 


| 


*, 
x 


ee 


- 


L} 
3e- NEN © anmenee gf aa 


t 
' 
=e 


> 


ia 


~ 
x 


_ 
a _-_ ee 


ee ee eee ee -—--— ~~ > eee 
- 


y*- 
a 7 


ee es alate TT ls se ENS an treet 
- 
. 


-” 
Wee 


a 


ii 


“a 
* 


1 fs JOM dd 


38 












at 
} 
2 


i 








-— a £ 


= . —~ : 4 ; 
oe i oF | me | 
‘ ; 
; : | : . \ . 
"4 ; : ; 
oe = = +. = 4 ee } om oe ‘i a = $ _ fee = an meh ne meee ee Gy 
: : i ; ; 
1 Sag . . | | | 
2 ow! fa a : | 
; , i ; : : ! lus 
Sr ee ee aoe Seeeaees meee tT - r ~ a a ey | - ~oe od a aed en an + On bof 
7.’ “och eas 
- |, ‘i \ ) | 3 | 
. 2 gee —— ; 
} ‘ ar ~* ale eS ee Oe --e—- —— _——— a “-— amen stones oem wy 
——_—— — —_ » . _ a, } { ; Fat 4+, Pc en << 
Va —— J ; wea 
| 7 
i 


ee cl 
ne if 


$ 

| | . i tage) “4 : " | ° 
en a | . ’ ] ‘ 7s 
ee rd te =—- . | a. oe | 


40 ? ) 


{ 
Ss : 
a= im — i. ime --~- =~ — en eee at os 
i 
* 


es 
Be 


~ . — 


Poa H 
1; 





Se ee , a anaeon & ¢ vy Pree ae ae 
| | | | ~ Vf \ 
4. 
q 
{ 
| 


: 
i 
ee 
: 
. 
I 
: 


or erwmena meee aes rere pee | ween et ee he 


ae - 
pene 
| 


(YT 
oe 


ee 


he re 
| 
yA le - 
| 
| 
7 
. 


i 
al oe nd 
a 
j 
| 
i <. 
{ 
| 
eT 
x 


| 
$ 


Pee is 
: | 
RS 
a 
a 
| 
| 
ape 
H 
. 
— 


t-te ae 





oe 
s 
a 


| 


— 


a 


i 
\ 


ie 
. ee 


: psy 7 Ora ' 
——T ageyPeva/s wee 


ws 
a 
+ 


; Sf x ft 

2 = 7 | os ‘ F i} a ine : ; ? 

e < } bi wi ies he. fe oS 

‘ - An a : 5 « 
P. > rs ' 


i 

1 

| 

— 

 . 

- 
sa 


4 
% . 


MiiBeaw No het L 


x eh ow 


=~. 


‘i 





29 





ratures as applied to 





11 ——. equally well to the filaments of in- 


directly heated tubes, Filament failure will drop proportionally 


to the lowering of the cathode temperature. Further informetion on 
as 50 
the life characteristics are given by Herrmann , Redhead and the 
2 
Aeronautical Radio report . 


¢ 
In summary, it is definitely concluded that a great improve 





ment in tute life can be expected by reducing the cathode tempera 


ture. The cathode temperature will, upon reduction, become some- 





what critical, and consequently the filament heating power must be 


controlled. The temperature varies as the one-fourth power of the 


> i) 


heater power , so the regulation of filamert supply need not be 





as critical as initially might be expected. Another precaution to 
take is that the tube remain spece charze limited. For most usazes 


this would not present any problems. 
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CHAPTER IV 
VARIATION OF TURE CHARACT?RISTICS 
WITH CATHODE TFNPERATURE 
, ’ 

When variations of cathode temperature are considered, the 
effect on tube characteristics is at once of major concern. Investi- 
gations of the effect on tute ee of reducing filament 
voltage have been made sages, Benson i and the New York Naval 
Shipyard . 

Winter reported that the effect of decreasins filament voltage 
on vu, ay and g for a 6Cl triode and a 6AG5 pentode is to increase 
u, increase - and decrease om (Figures 11, 12 and 13). The actual 
gain that may be achieved in a voltave amplifier increases. Increases 
in gain of 1.5 times were measured when the filament voltage was de-~ 
creased from 6.3 to 3.0 volts, but in general the chances of character- 
istics were small. The Naval Svxipvyard report supports Winter's results. 
They indicated that there is a short time (10-20 minutes) downward 
drift of plate current for a reduced heater voltage, in particular 
for a voltage of 3.0 volts, before staoility was reached. 

Winter discusses the probable causes of these chanzes and 
attributes them to the physical movement of the virtual cathode 

Woneee7 3 Dl, 5D 

toward the cathode as the temperature is decreased ‘ 


Benson discusses similar changes in characteristics, but con- 


cludes that the actual changes in u, rand eo are minor and that 
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This constant "ce," is the vertical difference between two correspond- 


ing plate characteristic curves, one for standard voltage and the 





other for reduced filament voltage. The rate of chanve of "Col! in- 


creases as filament voltaze decreases. In any event, it is concluded 





, the effect of changing temperature can be interpreted as the 
addition of a voltage generator in the zrid circuit. 
fi 


Benson gives an analytical analysis of five electronic voltage 


regulators considering the effect of this added generator, and con- 





cludes that its effect can be minimized by proper choice of the circuit. 











TFSTING PROCEDURES 


As a result of the lack of general interest in the cathode 
temperature problem, testing procedures have not kept up with the 
general progress of electronic developments. Testing procedures 
can be placed into three divisions, (a) cathode temperature, (b) 
interface resistance and capacitance and (c) emission measurements. 

Temperature measurement has classically been done by using 
special tubes with thermocouples embedded in the cathode, using tubes 
with windows cut through the anode so that the cathode can be viewed 
with an optical pyrometer, or ty observing the emission limited 
current in a diode. For directly heated cathodes there exists a 
fourth method, that of taking resistance measurements of the cathode. 
This Latter method may also be applied to indirectly heated cathodes, 


provided the empirical relation between heater resistance and cathode 





temperature is known. 

When using the thermocouple, very thin wires (less than 0.1m 
diameter) of platinum-rhodium provide the least influence on heat 
conduction and emission. It must be noted that the cathode tempera 
ture will vary along its surface, so several thermocouples or viewing 
windows must be used. The pyrometrical method has the advantage that 
it allows measurements of temperature without appreciable modification 
of the tube. 


The retarded field method utilizes the fact that a plot of the 
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slope is determined only ty the temperature of 
the cathode . This temperature can then be calculated from the slope 
of the straight line using the “7, . 

T = 5040 dv_/dlogl 
Until lately this equation could only be applied to diodes because 
of the potential field distortion caused by the grids of multi-element 
tubes. ck has developed a method whereby the theory of emission 
limited current can be applied to all tutes with apparently sood 
accuracy (0.05%). He shows that with the grids at the potential of 
an undistorted plate-cathode field the initial plate current is a 
maximum, Expanding the expression for the initial current into a 
Sine and cosine series and obtaining an expression for the funda- 
mental and the nth harmonic of a saturated current, he relates these 
to the absolute cathode temperature. The experimental procedure 
is to apply a very small 1OKC Signal to the grid and then by changing 
the retarding potential of the plate slightly until the third harmonic 
changes by 10 db relate this change to the absolute cathode tempera- 
ture by the relationship 


t= 10075 OE 
K (volts). 


It is this method that is used in this investizsetion for determining 
cathode temperatures. Once the temperature is determined for a 
particular value of heater power, other temperatures can be computed 
by the relationship 
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ents has taken two forms: 





OO ——————— 


fle ta | (0) = ein Se Oey Ces Eee epee = vo ao ° . 
(1) The computation of the resistance and time constant necessary 


to give the observed decay of plate current when a pulse is applied 
16, 
to the grid » and (2) the observation of resulting changes of 
39, 61, 6h 


because of interface resistarce and capacitance - wlth 





the proper precautions these two general methods will have comparable 
accuracy . Appendix" A" gives the basic derivation of the relation- 
ship between g. and interface resistance and capacitance which is 

16 


used in these methods of measurement. The method of Savlesfield 





is used in this investization. 

Metson ecives a method of measuring emission. His method is 
one which produces relative information only. The measurement is 
made at very low cathode temperatures (Vp= 2v) in order to freeze 
the ions in their sites and therefore not reactivate the cathode 
during the measurement. A simple experiment has shown an increase 
in freedom of ionic or atomic movement by a factor of 10 as the 
filament voltace varies from 2 to 3 volts, and by a further factor 


of 0 for an increase in heater voltage from 3 to ) volts. 


48 











LABORATORY PROCEDURE 


Six hundred hour azing tests were carried out alonz with tube 
| characteristic checks for this investization. Below is given the 
laboratory procedures followed. ‘Yorthy of special note are the 
satisfactory results of the method used in cathode temperature 


| measurement. 


1. Cathode Temperature Jeasurement 
The method used in measuring cathode temperature was first de- 
scribed by —. in 19h. It is basically the specialized anpli- 
eation of the saturation current law to multigrid tubes with refine- 
ments to reduce the various errors usually encountered. 
e 


In the case of diodes the following ratic of the mt" harmonic 


to the n* harmonic of the initial saturated current is Geveloped. 
Int ky in JE4/Eo) 
In Ky Jp(JEL/ED 


where J, is the first mth order Bessel's function 
k = 2a n odd 
ki, = 2 : n even 
Ey; # small ac voltaze applied to the inverse anode voltage 
Ep = T,/11600 volts 


Ty, = absolute temperature of the cathode 


In the case of multi-electrode tubes the theory is developed that 
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conductor is equal to that of the space, the field near the grid be- 


comes uniform, and the electron paths are not disturbed. In this 
state the triode can be treated as a diode. Combining the above two 
developments the following relation is obtained. 
T= 100750 (QE) 
20 log, o!',/I, 
It. = n™" harmonic of the initial current when an added 
retarding plate voltage is applied 

“.E = the added retarding plate voltage 

This reduces . 
T= 10075 (SE) 

when the ratio of I, to I' becomes 10 db. Figure 1h shows the general 
circuit built for this investigation to determine cathode temperature. 
Figure 15 shows the circuit diagram of the amplifier used (available 
gain 112 db). 

Tests were run to determine the accuracy of this method with the 
available equipment. One side of a 12AX7 twin triode was used with 
four values of heater voltage. The temperature was computed for each 
value and the log of the temperature plotted against the log of the 
filament power. A straight line plot resulted, but with a slope of 
0.1685 rather than the theoretical 0.25. These temperatures were 
compared with those which would result in the proper slope and the 


percentage error computed. The average error was 2.82%. The results 
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For all of the temperature tests E; = 0.8v at 10KC, R « 00 ohms; 


tank 
the third harmonic, 30KC, was used through the amplifier. The pro- 
cedure given by Ikehara was used and the general shape of all his 
curves was found to hold true. 

2. Interface Measurement 


16 
The method of Eazlesfield was used in this investigation to 





2>asure interface resistance and capacitance. A test filament voltage 
of hv was used in order that the interface resistance be increased 
and its value be easier to determine. 
As developed in Avpendix "A", 
Wor Gi (Rat 23) ° 
4 
p 
Assuming that u = 50 and that R34R,, which is well taken for any 
activated cathode, 
wo= fala + Z}) ° 
OC; 4+ Blk F 41 + 42 


i? &. is adjusted so that Eko - 1, then 








The circuit used is given in Ficure 16. The procedure is as follows. 








(1) 


By 


Choose three frequencies -~ hicth, low and intermediate 
(SMC, SOKC, SOOKC) and make the gain equal to 4 at each 
frequency in turn. 

Set up the test tube and adjust the cathode current to a 
convenient value (lma for 12AX7 and 3ma for 6BO7A). Ensure 
that Ry and Cy are both zero, 

Place the switch in the "calibrate" pocition and edjust 

the oscillator so that the voltmeter reads 0O.lv for each 


frequency in turn. 


a. At 5MC, Z and 2, = 0, therefore 


Vo = amy 
Cs i as Enkto 
Adjust R, so that V, = 3, Vo = 0.05v. Then gk, = 1. 
ey 
be At SOKC, 7 and Z, equal Rj and Ro respectively. Adjust 
R, so that Vo #%, V, = 0.0°v. Then R, = R,. 
et 
c. At SOOKC, adjust C, so that Vy = 3 Vo = 0.05v. Then 
eG. 
i 


Zy = Z) and therefore C, = Co. 


The readings thus obtained of Ry and Cy are equivalent to tne interface 


resistance and capacitance resvectively. 
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Figure 16 
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characteristics were measured directly on the Hewlett- 


Packard laboratory vacuum tube testing bridge. 





h. Emission Measurement 

The emission characteristics of the test tubes were taken under 
the conditions descrited by aetinen” A filament voltage of initially 
2.0 volts was used with the filament power being kept constant for 


ucceeding measurements; the plate and catnode were grounded; the srid 





was at a +5v potential (Fisure 17). The zrid current was taken as 


being proportional to the saturated emission current. 


5. Noise Measurement 

Noise measurements were made usins the tube in an amplifier 
circuit with a battery plate supply, grid at a de bias but at ac 
ground and a varying de filament supply (Figure 18). The amplified 
noise output was detected with an HP 00C voltmeter. In computing the 
equivalent grid noise resistance, the gain of the circuit for each 
value of filament voltage was measured, and then, knowing the load 
resistance (8.138 K), and the band width (650KC), the equivalent grid 
noise resistance was determined from the relation 


Try | ne) 


6. Welne 


Thirty two tubes were used in tne agin: tests; sixteen each of 
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Figure 17 
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es -iving sixtr-four test units. Tests 


_ ’ 
5. —_ Pane ea ae = ‘ i 7. 
re made on the tuces before avin’, durin; ajing and af er the avinge 


in accordance with Table I. The tube avin conditions are -iven in 





Table II. Tne 12AX7 tubes were Sylvania 118, BUT; the 6BQ7A tubes 
were R.C.A. lm39. Figure 19 gives the agins circuit diagram. Low 


plate currents were used to accelerate interface formation. The azing 





filament voltages were arbitrarily chosen. The interface test filament 


voltage was chosen at four volts in order to increase the effective 





lue of interface resistance and permit an early life indication 

of interface crowth. Nergaard has stated that the behavior of 
interface resistance with time during the first few thousands of hours 
does not ~ive a clear indication of what will happen subsequently. 
This is contrary to the information of a whose results indicate 
thet under certain conditions definite trends of resistance srowth 
will develop durin: the first few hundred hours. An attempt to follow 
the results of Crild is made in this investircation. In order to ob- 
tain the most accurate information on *he emission capabilities of 

the cathode, the emission test was performed first in the series of 


tests, thus eliminatin, any possible activation of the cathode between 


the azing time and this test tecause of cathode current. 
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CHAPTER VII 


EXP™RIMENTAL RESULTS 


The following results were obtained by the writer during the 
U. S. Naval Postgraduate School Industrial Tour from 3 January to 
18 March, 1955, at the Hewlett-Packard Company, Palo Alto, California. 
The objectives of this laboratory work were to obtain experimental 


data in support of the ideas presented in Chapter I. 


1. Interface 

Ficure 20 gives the results of the interface resistance measure=| 
ments. The measurements of interface capacitance were erratic and 
inconclusive. The "A", "BY, "C" and "D" nomenclature refers to Table 
II. It is to be noted that, as expected, the value of interface 
resistance did increase with aging temperature. The extra curve for 
the 6BQ7A tubes ated at 1110-12)2°K was ziven to emphasize this point. 
Tables IIIA and JIIB cive the hour by hour results. It is to be noted 
here that while the absolute values of reletive resistances varied, 
the general shapes of the plots of resistance with time are very much 
the same in corresponding temperature ranges. From these values it 
appears that the cathode temperature of tube A8a was incorrectly de- 
termined. In order to emphasize the variation of resistance with 
temperature and to reduce the effect of errors of temperature measure- 
ment, the plots were given for the major temperature groups only. 

At the 200 hour test the value of interface resistance measured 


was in the order of 260 ohms. The value of interface capacitance was 
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Trdividual Interface Resistance Results 
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in the order of 00 wf. The tubes used durin: the test were new 
tubes drawn from the commercial stock of the manufacturers previously 
indicated. It must be remembered that in order to have operational 
meaning the values of interface resistance and capacitance should be 
measured with the ture under the exact operating conditions at which 
it is to te used. In tnis case, since only relative values were 
important, it was necessary only to insure that the test conditions 


and aging conditions were the same. 


2. Emission 

Figure 21 gives the plots of the emission measurement results. 
The maximum emission measured was taken as 100%. Table IV zives the 
starting and 600 hour values of the average emission currents and the 
range of values obtained as percentavzes of the average for the various 
temperature ranges. 

The emission tests were made using a Weston Model 785 Industrial 
Circuit Tester to indicate filament current, an HP Model 20 Milli- 
ampere Meter for values above 100ua and a Westinghouse 100ua full 
scale microammeter for values telow 100ua to indicate grid current 
and an HP Model ,10B VIVM to indicate filament voltage. The value 
of filament current was read to within 0.00la, grid current below 
100ua to within 0.5ua and above 100ua to within 5ua, and filament 
voltage to within 0.0lv. Recause the filament power was necessarily 
kept constant for all of these readings, the meters were reset for 


each reading. The accuracy of these measurements must be considered 
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Summary of Relative Emission 


Tube Type 


LEAX7 


6BBO7A 


Temp. 
5x 


850-889 
926 -993 
1014-1107 


854-202 
955-992 
1007-19043 
1110-1242 


TABLE IV 


Start 
Ave. Range 
ua 9! 

of ave. 
52.26 +38-20E 


147.0 22-20E 


135.0 e&7-241 
211.0 BO-207 
69 


Measurements 
6u0h 
Ave. Range 
ua f 
of ave. 
lZy.8 82-124 
939.4 #£8-212 
950.90 S5-1L6e 
137.0 5.4-219 
Y1.0 20-255 


% tubes where 
final value of 
emission was © 
higher than 

initial value 


100 











to te rather low due to the measurins equipment used. However, be- 
cause of the continual resetting of filament power and the fact that 
all of the tubes of the given range and at a particular time had the 
same relative emission chanres, it is believed that these curves do 
represent a fair indication of the emission tehavior. Other tests, 
where high plate currents at low cathode temperatures were attempted 
before and then after agin:z, also indicated an improvement in the 
activation of the "C" tubes. Worthy of note here is (a) the general 
increase of emission with age and decreasing cathode aging temperature 
and (b) the tremendous ranse of emission currents measured, 2.6 to 
325 percent in one temperature rance. It must be remembered that the 
values of emission measured here are much less than would be available 
at normal cathode temperatures. The attempt here is to obtain a 
relative saturated emission indication in order to perhaps obtain an 
idea as to the activation of the cathode and the possibility of cathode 


poisoning. 


3. Noise 
Noise measurements were made in a screen room as described above 


on three tutes. The individual results are given in Figure 22. 


4. Tube Cnaracteristics 

The accuracy of the tube characteristic measurements is considered 
to be within 5%. Variations of tute characteristics with grid voltace 
for different filament and plate voltaces are given in Fisures 23, 2h: 


and 25. These are typical curves for a 12AX7 tube. These curves 
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should be combined with Figures 11, 12 and 13 to give a complete 
description of the variation of tube characteristics with filament 
voltage. Fizure 26 gives the results of plate characteristics measure- 
ments on four tubes before and after the aging. These tubes were azed 
at 936~998°K. The average and the ranges of values are indicated for 
one grid voltace and two different filament voltages. 

Figures 27, 28, 29, 30 and 31 form a family of curves giving the 
"hefore" and "after" aging values of grid voltage with changes of 
filament voltage for different plate currents and different aging 
temperatures. These represent average values of the following numbers 
of test units. 

12AX7 850-880°K 4h units 
936-998°K 3 units 
101-1107°K 5 units 
6BQ7A 854-902°K 8 units 
All of the tubes checked above gave curves of the same general shape. 
Their vertical positions varied as much as 10%. Figure 32 gives a 
typical plot of grid voltage against both filament voltaze and cathode 
temperature for one tube. It is to be noted that a relatively linear 
relationship exists between the grid voltage and the cathode temperature. 
The average slope obtained with four tubes, computed for the indicated 


3 


values of plate current, was 2.875 X 10 ~ volts per degree absolute. 
Figures 33, 34 and 35 give the variations of characteristics with 
filanent voltage for different combinations of plate voltace and 


currents. These curves represent averages of four units. 
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are: Jd 
wings ‘hile these values varied 


with 
the individual tubes, no relation between their variations and the 
growth of interface resistance or emission current was apparent. Tui.at 
no variation was apparent because oi emission changes is in accord 
with the information given by sate that, under conditions of 
constant cathode current, a drop to 1% of orisinal emission current 
will cause a drop of only 18% in transconductance. Comparisons were 
also made between average values of four tubes, for each half of the 
tubes, of zrid vollase vs filament voltage for particular plate voltate 
and currents. There was no apparent difference between the averazes 


of the separate sides of the tubes. 











DISCUSSION OF RESULTS AND 





CONCLUSIONS 


No tests were performed to give information on the effect of 
lowerins the filament voltage on tube life as the time available did 
not permit. The curves given by the Bell Laboratories have been pre- 
sented which five this information (Fizures 9 and 10). From these 
curves alone the overwhelming advantages of increasins tube life with 
lower cathode temperature are apparent. 

Next must be considered the variations of tube characteristics, 
both immediate and with time, with chanzsing cathode temperature, 
Figures 23, 2h and 25 indicate that the tube characteristics will have 
the same relationship to grid voltage except for a constant value for 
the filament voltages considered here. Thus, except for a change in 
bias voltage the tubes will have the same cnaracteristics for constant 
plate voltazes. This chanve in bias effect noted above is also apparent 
in Figure 26. Ficures 11, 12 and 13, by Mr. Winter, indicate that there 
will be little change of characteristics with chanves of plate current 
for fixed plate voltage over the ranges of filament voltages (1.3 to 
6.3v) considered here. 

Considerinz the chances of characteristics with time, Figure 26 
indicates that at least over the limited time of these tests the 


characteristics did not change appreciable. It is to be noted that 
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of the test for the lower filament voltaze. Before azing the vari- 
ation, at 1.2ma plate current and a filament voltage of 6.3v, was 
16.7% —- after the aging the variation was unchanged. Before aging 
the variation, at 1.2ma plate orem and a filament voltage of °.lv, 
Was 2.2% — after the aging the Paces, we 13.3%. Thus there 

was an improvement of 3.l% over the 6.3v and an improvement of 10.9% 
over the 5.lv. Further tests should be conducted to determine whether 
this improvement will continue. 

Figures 27, 28, 29 and 30 show how the grid voltage will vary 
for fixed values of plate voltage and current with changing filament 
voltage. Curves are given here for the conditions both before and 
after aging. It is to be noted that the shapes of all the curves 
are the same, and, as expected from the above discussion, the var- 
iations of grid voltage with agins were less at the lower aging 
temperatures, especially at the lower plate currents. Figure 31 
gives the same data, as the above figures, for the 6BQ7A tutes. These 
curves show that their shape is not necessarily a function of tube 
type and is relatively independent of plate current. Ficure 32 zives 
typical curves of srid voltage as a function of filament voltage and 
cathode temperature. Here the almost linear relationship between grid 
voltage and cathode temperature is apparent. 

Ficures 33, 3h and 35 indicate that where any variation of tube 


characteristics with filament voltage is important, as pernaps in 
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| es a : ‘ : ‘ ie ° >. 
combination of plate voltage and current where, with wide variations 





of filament voltage, no change of one or the other of transconductance 
or plate resistance will occur. 

With regards to the possibility of a short time test to provide 
information for predicting relative tube life, Fisures 20 and 21 and 
Tables IIIA, IIIB and IV indicate only that definite trends of inter- 
face resistance and emission do develop in tnis time. In these tests 
all of the tubes performed similarly to the others in its temperature 
range. If one or more of the tubes had shown a radical departure from 
the average, this tube could probably be judsed as to a longer or 
shorter life expectancy with respect to the others depending on the 
direction of departure. To establish this test, further aging must be 
performed. Considering the growth of interface resistance, it would 
probably be advantageous to age the tubes at higher filament voltages 
and under no-plate=current conditions. In order to establish the 
usefulness of this test it must be ascertained that the individual 
tube is characteristic of its particular manufacturing lot. This is 
yet to be done. The curves of relative cathode emission present some 
unexpected data. Considerinz the activating and poisoning phenomena, 
the emission would be expected to increase as the cathode temperature 
increased. This was not the case with the tubes tested. There is no 
ready explanation by the writer of the observed data at this time. a 


This information can be compared with the results obtained by Wasener 


and presented in the table on page twelve. It is noted that at the 
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at the hi her afing temperature. This effect is not dis-— 


2 


cussed in this or snbsequent references. T:!le tremendous spread of 


emission values is worthy of note. A+ least in the case of the 
6BQ7A tube type, operation under conditions of hish peak or average 
plate currents will not permit an indiscriminate choice of tubes, 
The results of the noise investigation indicate that there is 
possibility of tube noise reduction at the lower cathode tempera- 
tures. The tests conducted were not exhaustive enough to permit 


further conclusions to be drawn. 








SUMMARY AND RECOMMENDATIONS 


FOR FURTEER INVESTIGATION 


From the above information several conclusions can be obtained. 


(2) 


From the curves of Bell, the lite of vacuum tubes will 


oe increased by operatin~ them at lower cathode tempera- 


tures. 

Provided the catnode te™perature is nol reduced lower 

than some 800°K, tne characteristics or the tubes will 

not chan e appreciably. : ‘ 

The effect of chansins cathode temperature can be repre- 
sented by a de voltage generator in tne srid c revit of 

a value of -2.375 X 1073 volss per degree change of absolute 
cathode temperature for the l2AX7 tube type. 

Variations of plate current with tine will be red.aced by 
Operating at lower cathode te:rperatures. 

The basis of a short time tube life test is presented and 
no infornation was uncovered which nicht refute it. The 
information obtained was not sufficient to definitely 
establish the test. 

There is a possibility of tube noise reduction at lower 
cathode temperatures. 

There is a possibility of decreased tube life due to catnode 


poisoning in some modern ruggedized tubes because of the 


ou 








With the above conclusions in view, it is believed that further 
study of these problems is warrented. First, corplete lire tests 
should be run to determine if the usual variations of cathode terper- 
atures of commercial tubes are related to their individual lives. 
During these tests variation between and within the manufacturers 


tube lots would be apparent. During this a-sing for the first thousand 


hours, interface resistance and relative esission investications 


should be carried out in an attempt to correlate the information tus 


obtained with life and variation of tube characteristics with tire. 

Second, further investigation of the relationship between tube noise, 
both wide band Jonnson noise and the low frequency flicker noise, and 
cathode temperature should be conducted. Third, an investigation of 
the increase of emission with lower cathode temperature aging should 


be conducted. 








Acheson, ¥. A., "Hlectron-Tube Life and Reliability" The Sylvania 
Technolovist, h-1954, Yol 7, p lo. 


Aeronautical Radio, Inc., General Renort No. 1., Investigation of 
Electron Ture Reliability in Nilitary Applications, January L, 19Sh. 


Amakasu, K., "%xcess Thermal Noise Due to Currert Flow Throuzh 
(Ba, Sr) Oxide Coating", Jour. of Appl. Phys., 12-1952, Vol 23, 
p 1330. 


«= Bao 


Basnett, T. N., "Some Factors Affectiny Transmitting Valve Life", 
Pro. of the I.R8.E. Australia., 7-195), Vol 15, p ‘yi 


Pell, D. A., "Electrical heasurement of the Cathode Temperature 
Sr cdes Sarit. sour, foel. Puvs., 10-1952, Vol 3, No. 10, p 322% 


Benson, F. A., Lusher, G. V. G., Seaman, K. S., "Variations of 
Triode Characteristics with deater Voltage", The Electrical 
Journal, 8-1953, Vol 151, p 481. 


Benson, F. A., Lusher, G. V. G., "Voltage Stabilizers for Microwave 
Oscillators, Effects on Stability of Variations in Valve Heater 
Voltage", Elect. Eng., 3-195, p 106. 


Berktay, H. O., "Noise in Interface Resistance", Wireless Eng., 
2-1953, Vol 30; pie. 


Blewett, J. P., "Properties of Oxide-Coated Cathodes", Jour. of 
Appl. Phys., 10-1939, T-568, II-831. 


Bounds, A. M., Priggs, T. H., "Nickel Alloys for Oxide Coated 
Cathodes", Pro. I.%.8., 7-1951, Vol 39, No. 7, p 738. 


=m 
Child, M. R. "The Growth and Properties of Cathode Interface 


Layers in 2eceiving Valves", ; ‘le ng 1-1952, 
Vol Uh, Part h, p 176. 








' Deb, S., "Decay of Emission From an Oxide-Coated Cathode Due 
to Adsorption of latter Liberated From the Anode", Jour. of the 
Brit. Inst. of Radio Ens., 4-195), Vol 1h, p 157. 


te 


', G., Fundamentals of Engineering Electronics, end Ed. 


Dushman, S., "Electron "mission from Metals as a Function of 
Temperature", The Physical Rev., 6-1923, Vol 21, p 623. 


-E= 


Baglesfield, C. C., "Life of Valves with Oxide-Coated Cathodes", 
Elect. Communication, 1951, Vol 28, p 95. 


Bazglesfield, C. C., Douglas, P. %., "A Method of Measuring the 
Interface Resistance and Canacitance of Oxide Cathodes", Rri. 
Jour. of Appl. Phys., 11-1951, Vol 2, No. 11, p 318. 


Eisenstein, A., Advarces in Electronics, (Academic Press, New 
York, 1948) 


Eisenstein, A., "Some Properties of the Ba.Si0Q,, Oxide Cathode 
Interface", Jour. of Appl. Phys., 8-199, Vol 20, p 776. 


Eisenstein, A., "Change of Mutual Conductance with Frequency", 
Wireless Engineer, 3-1950, Vol 27, p 100. 


Bisenstein, A., "The Leaky-Condenser Oxide Cathode Interface", 
Jour. of Appl. Phys., 2-1951, Vol 22, p 133. 


nt] om 


Hannom, H. a Van der Ziel, A., "On the Flicker Noise Generated 
in an Interface Layer", Jour, of Appl. Phys., 10-195, Vol 25, 
No. 10, p 1336. 


Hannay, N. Be, MacNair, D., White, A. H., "Semi-Conducting 
Properties in Oxide Cathodes", Jour. of Appl. Phys., 7-19h9, 
Vol 20, p 669. 


Herrmann, I. G., Wagener, P. S., The Oxide-Coated Cathode, Vol 
1 & 2, (Chapman & Hall Ltd. 1951)  #&#»75»CCCOt~™ 


Hinkelman, T. D., Kraus, M. H., "The Univac Tube Program", Trans. 
of the Leste 9-1953, Vol EC=2, No a5 Pp Os 


9h 








1 ¢t Lo a ry ro TH a 
“ a me = 
fay iy fe a Wi eh LO emt 
_ 


facat Saden, 


4 


ted Cat"-oade 
52, Vol 40, No 


Hughes, %. C. Coppola, P. P., "Conductivity of Oxide “mitters", 
Phy. Rev., 10-1952, Vol 88, p 36L. 


a 


Ikehara, S., "New Method of Measurinz the Cathode Temperature 
of Indirectly Heated Vacuum Tubes", Jour. of Appl. Phys., 6-19°),, 
Vol 25, p 725. 


ies 


Koch, D. G., Increasing Tube Reliability In Industrial Circuits, 
Pub. No. ST=651, Tube Department, R. C. A. 


~L- 


Langmuir, I., "The Effect of Space Charge and Initial Velocities 
on the Potential Distribution and Thermionic Current Between 
Parallel Plane %lectrodes", The Physical Review, -1923, Vol 21, 
p 19. 


Lindemann, W. W., Van der Ziel, A., "On the Flicker Noise Caused 
by an Interface Layer", Jour. of Appl. Phys., 12-1952, Vol 23, 
p 1410. 


Loosjes, R., Vink, H. J., "The Conduction Mechanism in Oxide- 
Coated Cathodes", Philips Research Reports, 199, Vol hi, p lug. 


Loosjes, R., Vink, H. J., "Conduction Processes in the Oxide= 
Coated Cathode", Philips Technical Review, 3-1950, Vol 11, No. 
foe Pp ei. 


me 


Matheson, R. Mi., Nergaard, L. S., "The Decay and Recovery of the 
Pulsed Emission.of Oxide-Coated Cathode", Jour. of Appl. Phys., 
8-1952, Vol 23, No. 8, p 869. 


Metson, G. H., Holmes, M. F., "Poisoning in Hizh-Vacuum Oxide- 
Cathode Valves", Nature, 1949, Vol 163, p 61. 


ietson, Ge H., "Reversibility of Oxygen Poisoning in Oxide-Cathode 
Valves", Nature, 1949, Vol 16h, p SO. 


95 











Vetson, 3. H.-. "Note on Volt—Dependent Poisoning Fffects in 
Oxide-Catnode Valves", Pro. of the Phys. 30c. of London, 19),9, 
Vol 62B, p Sao. 


kKetson, G. H., "Yacuum “actor of the Oxide-—Cathode Valve", 
Brit. Jour. of Anpl. Phys., 1950, Vol 1, p 73. 

ketson, G. H., "The Physical Basis of the Residual Vacuun 
Characteristic of a Thernionic Valve", Brit. Jour. of Appl. 
PhySs, 2-1951, Vol 2, No. 2, p h6. 


WStcon, G. H., Mabener, 5S., Holmes, M. F., Child, M. &., "The 
Life of Oxide Cathodes in Nodern Receivin> Valves" ing Pro. ef 
the Inst. of Slmc. Png., 3-1952, Part III, Vol 99, ca: Pam 
Metson, GS. H., Holmes, ¥. F., ", "Deterioration of Valve Per- 
formance Due to Growth of Interface Resistance", Flect. Enz. 
Jour., 1=197h, Vol u6, Part h, p 198. 


Mutter, . 5, "Rectification Characteristics 2f an Oxide 
Cathode", The Phys. Rev., 9-197, Vol 72, p 531. 


Nao 


Narita, S. I., "Tnermionic Emission and Electrical Conductivity 
of Oxide-Coated Cathodes", Jour. of Appl. Phys., 5-1952, Vol 23, 
p 599. aia — 


Nergaard, L. S., "Cathode Impedance and Tube Failure" presented 
at }.1.T. Tenth Annual Conference on Physical Flectronics, 1950. 


Nergaarc, L. S., "Studies of the Oxide Cathode", R.C.A. Rev., 
12-1952, Vol 13, No. k. 


Nergaard, L. S., Matheson, R, M., "Studies of the Interface 
Layer in Oxide Cathodes", R.C.A. Rev., 9-195, Vol 15, No. 3, 
p 335. 


New York Naval ae Naval poe oo . New ne Progress 


— <<. 6 fe fy ee a aN 


Ese MEE EME ee Eee 


Poehler, H. A., "The Influence of Core Material on the Thermionic 
Emission of Oxide Cathodes", Pro. I.R.*., 2-1952, Vol hO, No. 2, 
p 190. 


96 





1, - 


48, Raudorf, 4%, "Chan-e of Mutual Conductance with Freouency’, 
Wireless "n¢gineer, 10-1949, Vol 26, p 331. 


49. Raudorf, ¥%., "Chance of Mutual Conductance with Frequency", 
Wireless Engineer, S-1950, Vol 27, p 16h. 


SO. Redhead, P. A., McNarry, L. R., "The Emission Life of Oxide 
Cathode Tubes", National Research Council of Canada--Radio and 


Electrical Engineering Division, N.R.C. No. 2783, 7-1952. 


51. Reich, H. J., Theory and Applications of Electron Tubes. 


52. Rooksby, H. P., "Applications of X-Ray Technique to Industrial 
Laboratory Problems", Jour. of the Royal Soc. of Arts, 1940, 
Vol 88, p 308. 
=S= 
53. Shepherd, A. A., "Poisoning of Oxide Cathode Fmission by Oxygen", 
Nature, 11-1952, Yol 170, p 839. 


Si. Shepherd, A. A., "The Effects of Oxygen on the Flectrical 
Properties of Oxide Cathodes", Brit. Jour. of Arpl. Phys., 
3-1953, Vol lh, No. 3, p 70. - 


55. Spangenberg, K. R., Vacuum Tutes, (McGraw-Hill, 1918) 


S56. Spence, H. W., "Systematization of Tube Surveillance in Large 
Scale Computers", Elec. Enr., 7-1951, Vol 70, p 605. 


=U 
57. Thompson, B. J., North, D. 0., Harris, W. A., "Fluctuations in 
Space-Charze-Limited Currents at Moderately High Frequencies", 
R.C.A. Rev., 7-190, Vol 5, No. 1, p 106. 
58. Tomlinson, T. B., "Temperature Dependence of Low Frequency 
Fluctuations in Thermionic Emitters", Jour. of Appl. Phys., 
5-1953, Vol 24, No. 5, p 611. a 


BD. Tomlinson, T. Be, Price, W. L., "Theory of the Flicker Effect", 


60. Tomlinson, T. B., "On the Conductivity of Oxide Cathode Coatings", 
Jour, of Appl. Phys., 6-195, Vol 25, p 720. 


ai 





61. 


62. 


63. 


6h. 


65. 


66. 


e7. 


68. 
69 . 


70. 


fl. 


72. 


73. 


ave 


Van der Ziel, A., "A Simple Method for Weasuring Interface 
Tmpedarce", Jour, of Appl. Phys., L=1953, Vol 24, No. Lh, p 496. 


ae ae 


Wagener, S., "Influence of the Density or “mission on the Live 
Of Oxide Cathodes", Mature, 1919, Vol 16h, e357. 


Wazener, S., "Oxide Cathodes", Research (London), 38-1952, Vol 
me Dose 


Waener, E. M., "Cathode Interface Impecance and Its Neasuremenc", 
Pie Ouweee Weve imc, Confer., Chicafo, 1952, Vol 22, p 80. 
Waymouth, J. F., "Deterioration of Oxide-Coated Catiodes under 
Low Duty-Factor Operation", Jour. of Aopl. Phys., 1-1751, Vol 22, 
p 80. 


wehnelt, A., S.-B. physik. -med.30z. Erlangen, 1903, Vol 95, p 115. 
Wehnelt, A., Verb. Dtsch. physik. Ges., 1903, Vol 5, p 346. 
wehnelt, A., Ann. Physik, 1904, Vol 1h, 25. 

winter, A. J., "The Effect of Filament Voltaze Upon Vacuum Tube 


Characteristics", Tran. of the I.R.E., Prof. Gr. on Electron 
Devices, 1-1953. 


Wooten, L. f., Ruehnle, A. %., Moore, G. E., "“vaporation of Rarium 
and Strontium from Oxide-Coated Cathodes", Jour. of Appl. Phiyse, 


1-1955, Vol 26, No l., p kh. 


Wricht, 9. A., "Thermionic Emission from Oxide Coated Cathodes", 
Proc. of the Phy. Soc., 19h9, Vol 62B, p 188. 


Wright, D. A., "Electrical Conductivity of Oxide Cathode Coatings", 
Brit. Jour. of Appl. Phys., 1950, Vol 1, p 150. 


Wyman, Je H., "Desirtn Factors that Extend Electron Tube Life", 
Tele-Teen, 11-1953, Vol 12, p 80. 


98 









App end/sx A 


Ry = bulk Aes slanc @ 










Zy ~ tnlenfoe « 
‘imped aha ea 


Zz ; 
‘t,t Si eae *i 


Ai, = ral - sé 
b $m ra b 












<———--_ 





Ae, = Be; -d/,( Rs t2y th Fz) 
= BAS -~ 44 (897 &) - aye 
ABS ~am (Rat Beat Ge ¥2) 
= -A4/,(R3 t+ F2) -av 
ar, 2 g@mlL4e;-44, (CRs tP2)-4%]— 
np (4%, (R38 t Za) - Avo] 


AVe’= A), (Rot By 
ao 
































| Thesig 
J638 


Johnson 

Rffect of cidce=-coated 
cathode temperature variation 
in vacuum tubes. 





